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SUMMARY

Theinitialdataobtainedduringa free-jetinvestigationofa
28-inchram-jetengineata Machnumberof2.35disclosedthattheen- “
ginerichblowoutlimitsoccurredat considerablylowerfuel-airratios
thanthoseobservedduringdirect-connecttestingby themanufacturer
inhisfacility.Installationofa shadowgraphandhigh-responsepres-
sureinstrumentationrevealedrandompressurepulsationsin theflowat
thediffuserinlet.Removalofthesepulsationsby placinga fine,
sphericalscreenatthebellmouthinletofthesupersonicnozzlein-
creasedtheenginerichblowoutfuel-airratioabout10percentandthe
peakdiffuserpressurerecovery2 points.Theflowpulsationshadno
discernibleeffectonthesupercriticalmass-flowratioortheengine
combustionefficiency.Installationofa jetdiffuserattheexitof
thesupersonicnozzlereducedthefacilitypressurerationecessaryto
obtainflowsimulationby 25percentat a Machnumberof2.70.However,
thejetdiffusermarkedlydecreasedtherangeof subcriticalengine
operationthatcouldbe obtained.

INTRODUCTION

Theperformanceofram-jetenginesathighMachnumbersmaybe
obtainedby flight,supersonicwindtunnel,direct-connect,andfree-jet
testingtechniques.Ofthese,thefree-jetmethodisthesimplestand
mosteconomicaltechniquethatpermitsanaccuratesimulationof
internal-flowconditionsthatexistinflight.

Severalinvestigationsofthedesignandperformanceoffree-jet
facilitieshavebeenreportedpreviously.Small-scalemodelinvestiga-
tionsofthedesignof jetdiffusers,theoptimumfree-jetnozzlesize,
andthepositioningofthediffuserinletwithrespecttothesupersonic
nozzlearereportedinreferences1 and2. Someofthespecialproblems
associatedwithasymmetricfree-jetfacilitiesareconsideredinrefer-
ences2 and3. Briefinvestigationsoftwofree-jetfaci~tieslarge
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enoughfor48-inchand20-inchram-jet
ences3 and4,respectively.

Becausetheinformationpublished

r

enginesarereportedinrefer-

onthefree-jettestingtechnique
israthersparse,particularfiforfuK1-scaletests,anyadditionalin-

. formationthatmightaidinthedesignoroperationofsucha free-jet
facilitywouldbequiteuseful.Accordingly,thisreportpresentsthe
operatingexperienceandproblemsencounteredwitha free-jetfacility
designedto simulatetheinternal-flowconditionsofa 28-inchram-jet
engineovera rangeofanglesofattackfrom+7°to -7°atMachnumbers
of 1.92,2.35,2.50,and2.70.Thisreportconcernsmainlya facility
fluwpulsationencounteredduringtheperformanceevaluationofthe
ran-jetengine:howitwaseliminatedandwhatitseffectwasonthe
engineperformanceandoperationalcharacteristics.Thestartingand
operatingfacilitypressureratiosrequiredforproperflowsimulation
arealsopresented.A limitedamountofdataareshuwntoindicatethe
degreeof subcriticaloperationpermittedbeforetheinletflowsimula-
tionbrokedown.

APPARATUSANDPROCEDURE

FacilityDescription

A schematicdiagramshowingthesupersonicnozzleandram-jeten-
gineinstalledinanaltitudetestchamberispresentedinfigure1.
Fourdifferentsupersonicnozzleswereusedduringtheinvestigation.
The2.35,2.50,and2.70Machnumbernozzleshadexitdiametersofabout
32.8inches,andtheirexitswerelocated5 inchesupstreamoftheen-
ginecowllip. The1.92Machnuaibernozzlehadanexitdiameterof
about27.5inches,anditsexitwasalsolocated5 inchesupstreamofthe
enginecowllip. Thecowllipdismeteroftheenginewas17.8inches.

Theinletairisbroughttothedesiredconditionbypassing
throughcompressors,driers,andheaters(notshuwn).Thisairisre-
quiredtonegotiatetwo90°turns(fig.1)withtheaidof straightening
vanesbeforeitpassesintotheplenumchamberwherethesupersonic
nozzleis located.Thepressureinthetestchamber,whichis separated
fromtheplenumchamberby a bulkhead(fig.1),is reduced so that the
flowisacceleratedthroughthesupersonicnozzletothedesiredMach
numberattheengineinlet.Partoftheairenterstheengine,andthe
remainderisbypassedaroundtheengineintothetestchamber.In some
cases,a jetdiffuserwasattachedtotheexitofthesupersonicnozzle.
Thelengthofthediffuserisabout30inches,anditsinletandoutlet
diametersare32.8and43.4inches,respectively.Thesupersonicnozzle ..
waspivotedaboutanaxisontheenginecenterlinenearthenozzleexit
inorderto simulateanglesofattackfrom-7°to+7°.

. ‘..
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FacilityModifications
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Duringtheinvestigationseveralmodificationsweremadetothe
facilityto eliminatepulsationsintheflowenteringtheengine.These
modificationsincluded:(1)16angleironsplacedinthediffuser
sectionaheadoftheplenumchamber(fig.1),(2)a 30-meshspherical
screendesignedfora 3q pressuredropattachedtothebell.mouthof
thesupersonicnozzle(figs.1 and2),and(3)a 30-meshscreenplaced
attheinletoftheplenumchsmber(figs.1 and2).

Instrumentation

Theinstrumentationconsistedoftotal-pressureprobesatthe
bellmouthinletofthesupersonicnozzle,theenginediffuseroutlet,
andtheengineexhaust-nozzlethroat,andstatic-pressuretapsalong
thedivergingsectionofthesupersonicnozzle,at theenginecowllip,
andintherearofthetestchauiber.Theinletairtemperaturewas
measuredby thermocoupleslocatedatthesupersonicnozzleinlet.In
addition,high-responsepressureinstrumentation(relativelyflatfre-
quencyresponseoutto200cps)wasusedtomeasuretransientstatic
andtotalpressuresattheinletandoutletofthesupersonicnozzle.

A shadowgraphwasinstalledin ordertoviewtheinletshockpat-
ternsand,inconjunctionwitha high-speedmoviecamera,to obtaina
permanentrecordofthesepatterns.Theareathatcouldbeobservedby
meansoftheshadowgraphis shownintheschematicdisgraminfigure3.
Thespeedatwhichthecamerawasoperatedwasgenerallyabout2500
framespersecond.

.
RESULTSANDDISCUSSION

CorrectionandEffectofFacilityFlowPulsations

Facilityflowpulsations.- Becausethesupersonicnozzlesused
fortheinvestigationwerecalibratedby theenginemantiacturer,fur-
thernozzlecalibrationsattheLewislaboratorywereconsideredunneces-
sary.Thus,theinvestigationbeganimmediatelywiththeenginePer-
formanceevaluation.

An analysisofenginedataobtainedata Machnumberof2.35
showedthattherichblowoutlimitsoccurredat considerablylowerfuel-
airratiosthanthoseobservedduringdirect-connecttestsby themanu-
facturerinhisfacility.Measurementofthediffuserpressurerecovery
atblowoutalsoindicatedthattheengineblowoutlimitswereoccurring
beforetheinletdiffuserreachedpeakpressurerecovery.Furtherstudy
ofthedatacausedconsiderabledoubtastowhetherthesupersonicnoz-
zlewasprovidingthenecessaryflowconditions.

— ---- —.—.-——..———.
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Consequently,thehigh-responsepressureinstrumentationwasin-
stalledinthesupersonicnozzlealongwitha shadowgraphto observe
theengine-inletflow.Thetransientpressuremeasurements,typical
traceswhichareschematicallypresentedinfigure4, showedrandompul-
sations.Thesepulsations,atleasttheonesof sizablemagnitude,were
onlyfoundnearthewallattheexitofthesupersonicnozzleandnotin
thatportionoftheflowwhichwastoentertheengine.At thispoint
themagnitudeofthepulsationsreachedashighas 10percentofthe
free-streamtotalpressure.High-speedmotionpicturesindicateda
rapidrandommovementoftheconicalshockoriginatingfromthetipof u
theinletspike.Twomotion-pictureframesshowingthemaximummovement %4
oftheconicalshockarepresentedinfigure5. Theshockanglevaried
from37.0°to39.8°,whichcorrespondsto a changeinMachnumberfrom
about2.5to2.2.

Onthebasisoftheseobservationscertainconclusionscanbe
reachedasto theprobableflowmechanismassociatedwiththeshock
oscillations.Inasmuchasthepressurepulsationswereobservedonly
nearthewallofthesupersonicnozzleexitandnotinthatportionof
thenozzleflowwhichpassedthroughtheengine,it isprobablethat
therewasa variationin effectivenozzle-exitareathataccompanied
theboundarypressurepulsations.Suchanareavariation~70uld,of
course,introducecorrespondingMachnumberoscillationsthatwouldex- ,
plaintheobservedoblique-shockmovement.Thus,theinletwasapparently
operatingin a flowfieldwherethetotalpressurewasconstant,but
theMachnumberwasoscillatingina randommanner,betweenabout2.2
and2.5.

Attemptedmodificationsto eliminatepulsations.- Theapproach
takentoeMminatetheflowpulsationswasto smoothoutanyflowdis-
tortionsarisingbecauseof;hetwo90°bendsintheinletairduct
aheadoftheplenumchaaiber(fig.1)orflowseparationaroundthelip
ofthebel.lmouthinlettothesupersonicnozzle.Consequently,three
modificationswereemployedandarelistedchronologically:(1)angle
ironsaheadoftheplenumchamber,(2)screensatthebellmouthinlet
ofthesupersonicnozzle,and(3)screensattheplenum-chamberinlet.

Theangleironsproducednonoticeablechangeinthemovementof
theconicalshock.Thescreensatthebelhouthinletofthesupersonic
nozzleprovedtobe quitesuccessfulinasmuchasthehigh-speedmotion
picturesindicatedthattheconicalshockwasnesrl.ystationary.Thus,
theflowwasdeemedsatisfactory.Sincethevelocitycontoursofthe
flowenteringa bellmouth&mespherical,thebellmouthscreenwassimi-
larlyshapedsothatpressurelossesproducedby thescreenwouldbe
uniform.
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Thethirdmodification,thescreenplacedat theplenum-chamber
. inlet,wasinstalledbeforetheresultsofthesphericalbellmouth

screenwerefullyknown.Theplenum-chamber-inletscreendidnotap-
preciablyimprovetheflowuniformityalreadyobtainedwiththehellmouth
screenbutwasallowedtoremain.

Effectofflowpulsationsonram-jet-engineperformance.- Compar-b isonoftheengineperformanceandoperationalcharacteristicsbefore%m andaftertheremovaloftheflowpulsationsrevealeda significant
effectofthepulsationsontheengfnerichblowoutlimitsandpeak
diffuserpressurerecovery.Thesechangesareillustratedinfigures
6 and7 wherethediffuserpressurerecoverycharacteristicsandthe
enginerichblowoutlimitsforpulsatinganduniformflowarepresented.
Eliminationoftheflowpulsationsresultedinanincreaseinthedif-
fuserpeakpressurerecoveryof2 points,buthadno discernibleeffect
onthediffusersupercriticalmass-flowratio(fig.6)norontheengine
combustionefficiency(notshown).

As previouslystated,theinstantaneousMachnmibersduringthe
flowpulsationsvariedfromabout2.2to 2.5. Consequently,thein-
stantaneousdiffuserrecoverywouldvarybetweenthevaluesexisting
atMachnumbersof 2.2and2.5. However,therelativelyslowresponding. manometertubeswouldindicatea recoverysomewherebetweenthetwo
extremes.Sucha valuewouldnotnecessarilybe representativeofthe
pressurerecoveryat a constantvalueoftheaverageMachnumber.

Thedatapresentedinfigure7 indicatethattheremovalofthe
flowpulsationsincreasedtherichblowoutfuel-airratiooftheengine
about10percentatallanglesofattack.An analysisthatgivesa
satisfactoryexplanationoftheeffectofflowpulsationsontheengine
richblowoutlimitsispossible.byconsideringthemechanismby which
blowoutoccursandtheeffectoftheMachnumbervariationontheengine
airflow.It is importanttoremetierthattheinletflowpulsations
wererandomandveryrapidand,therefore,themeasuredairflowas in-
dicatedbyfigure6 wasonlysomemeanvalue.Ithasbeenobserved
(unpublisheddata)thattherichblowoutata Machnumber~...35wasa
resultoftheinletdiffuserencounteringbuzz~ulsationofthedif-
fusernormalshockduringsubcriticaloperation).Consequently,whenever
theinletdiffuseroperatingpointproceedsfarenoughintothesubcrit-
icalregimetoproducediffuserbuzz,thecombustoris likelytoblow
out.

.
BecausetheMachnumberoscillationsweresorapid,thefuelcontrol‘

hadinsufficienttimeto adjustfortheMachnumberand,hence,engine
. airflowoscillations.Therefore,thefuel-airratiowasalsovarying

rapidlyinverselywiththeMachnumber.Thefollowingsketchshows
qualitativelythemannerinwhichthefuel-airratiowouldvary@ring a
typicalMachnumberoscillationascomparedtothefuel-airratio

..——___ _————— ...— __ —.— ——.



6 ~~= . .
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explanationoftheprecetingdiagram,itisfirstassumedthat
theenginefuel-airratiois stabilizedata pointbelowthevaluere-
quiredto causeengineblowout,pointA. Imposingrapidoscillations
inMachnumberaboveandbelowthevalueatpointA wouldthenresult
in similaroscillationsinfuel-airratioalongthelineB-C. When
thisoscillationbecomesofsufficientmagnitude,thefuel-airratio
willmovetopointC,whereitis sufficientlyhighto drivetheinle$
diffuserintobuzz. Thus,theaverageorapparentfuel-airratiore-
sultinginblowoutat a givenaverageMachnwiberwillbe lesswith
oscillatingMachnumberconditionsthanwithuniformflow.

Theprecedingdiscussion,besidesofferingan explanationofthe
datashowninfigure7,givesa generaldescriptionoftheeffectthat
gustsmighthaveonflightengineoperation.Thepreviousexampleof
howflowoscillationshada pronouncedeffectonpeakpressurerecovery
andblowoutlimitsclearlyillmtratestheimportanceofensuring
steadyflowwhenoperatinga rsmjetina free-jetfacility.

.

FacilityFlowSimulationCharacteristics
.

In thefacilityarrangementsdiscussedinreferences3 and4, a
jetdiffuserwasplaceddownstreamoftheengineinletinordertopro-
videa meansofreducingtheover-allfacilitypressureratiorequired
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toestablishflowsimulation.However,thismethod,althoughefficient
inthisrespect,limitsthedegreeof subcriticaldiffuseroperation
thatispossiblewhilestillmaintainingflowsimulation.This,of
course,onlybecomesa seriousproblemwhentheenginetobe investigated
operatespartiallyorwhollyin thesubcriticalregime,whichwasthe
caseforthe28-inchram-jetenginediscussedherein.Fortheinvesti-
gationofthisengine,a shroudor jet-diffuserarrangement(fig.1)

P moreadaptabletoangle-of-attackoperationthanthearrangementsof
% reference3 and4 wasused.Thejetdiffuserwasattachedtothe
m supersonicnozzleexitwheneveritbecamenecesssrytoreducethefacil-

itypressureratiorequiredforflowsimulation.Whenthecapacityof
thefacilitydidnotrequiretheuseofthejetdiffuser,thesupersonic
nozzleexhausteddirectlyintotheengineinletandtestchamber.

Facilitypressureratiorequiredforflowsimulation.- Thefacil-
itypressureratiorequiredto establishflowsimulationwithandwith-
outthejetdiffuserforthe28-inchram-jetengineinvestigatedis
presentedinfigure8. Twocriteria,whichwerein closeagreement,
wereusedtodeterminethefacilitypressureratioatwhichflowsimu-

“ lationwasobtained.As thepressureratiowasincreased,theflowwas
consideredestablishedwhentheshockpatternassociatedwithan over-
expandednozzlepasseddownstreamofthediffusercowlinletandan ex-. ternalstaticpressureonthediffusercowllipbecameconstant.

Thedataoffigure8 showthatuseofthejetdiffuserreducedthe
facilitypressureratiorequiredtoproducetheproperflowsimulation
about8 percentata Machnumberof2.35andabout25percentat a Mach
numberof2.70.Withoutthejetdiffuser,themaximumpressurerecovery
ofthesystemdependsonthenozzlecorner-shockstrengthattainable
whilemaintainingflowsimulation.Withthejetdiffuser,thediffuser
actionimprovestherecoverystill.further.Thus,thejetdiffuserpro-
videsa rathersimplemethodforincreasingtherangeofMachnumbers
overwhicha givenfacilitycanprovideproperflowsimulation.The
dataoffigure8 foroperationwithoutthejetdiffuserarewellrepre-
sentedby theequation~

Facility~ressureratio= ti
2.26

. whereM isMachnumberand T isratioofspecific“heats.

Theratiooftest-chamberpressureto nozzle-exitstaticpressure.
(inthiscase,2.26)isassociatedwithflowseparationinthenozzle
boundarylayer,whichaffectstheflowenteringtheengine.Otherin-
vestigations(ref.5)havefoundthatflowseparationinturbulent
boundarylayeroccurswhentheratioof exhaustpressureto nozzle-exit

-. — —.—— ——..— — —..—-.—— ——. — .——
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staticpressureis about2. Varyingthegeometricrelationsbetween
thenozzleexitandtheenginediffuserinletwouldinfluenceto some
extentthevalueofthisstatic-pressureratioatwhichtheboundary-
layerseparationwouldaffecttheflowenteringtheenginediffuser.

Furtherverificationwasgivenoftheoccurrenceofboundsry-layer
separationneara pressureratioof2 in theMachnumber3.0facility
reportedinreference4. Duringoperationofthisfacility,a marked
flowseparationoccurredupstresmofthenozzleexitinthepresenceof
a cornershockproducinga static-pressureratioof2.26.

.

Thedatapointforthe1.92Machnumberwithoutthejetdiffuser
wasnotdirectlycomparablewiththeotherdatabecauseithasa mass-
flowratioofonly2.3as compsredto3.2fortheothersupersonic
nozzles.

Diffusersubcriticaloperationandflowsimulation.- Thedegreeof
subcriticaloperationpossiblewhilemaintainingflowsimulationis
showninfifie 9,by plottingdiffuserpressurerecoveryagainstthe
ratiooffree-jetstatic-to-totalpressureatthesupersonicnozzleexit -
anddiffuser-inletmass-flowratio.

Thevariationofthefree-jetnozzlestatic-to-totalpressureratio
fromthedesignvalueisusedasan indicationofflowbreakdown.The
dataoffigures9(a)and(b)wereobtainedwiththe1.92Machnumber
nozzlewithandwithoutthejetUffuser.Thesedatashowthatwithout
thejetdiffuser,theflowsimulationremainedintacttoa subcritical
diffusermass-flowratioof0.50(fig.9(a)).However,withthejet
diffuserinstalled,theminimummass-flowratioforflowsimulationwas
0.74(fig.9(b)).Thesedata,then,indicatethatthedegreeof sub-
critical.operationwasconsiderablyreducedwhenusingthejetdiffuser.

Thedatainfigure9(c)wereobtainedwiththe2.35Machnumber
nozzlewiththejetdiffuserandwiththe2.50Machnumbernozzle
withoutthejetdiffuser.Thesedataindicatethesametrendsasthe
dataoffigures9(a)and(b),although,aspreviouslyindicated,the
facilitymass-flowratioisdifferentforthedataoffigure9(c).

Thecriterionoffigure9 impliesthattheengine-inletflowis
satisfactoryuntilthenozzlewall.pressuresareaffected.However,it
ispossiblethattheengine-inletflowmaybe influencedbythenozzle
cornershockor jetboundary,ifeitheroftheseintercepttheboundary
ofthesubsonic-flowregionneartheenginecowl.Inthiscase,the “ “
Lhnitofadequatesimulationmightbe at a highermass-fluwratiothan
is indicatedinfigure9.
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CONCLUDINGREMARKS
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Someobservationsof theoperatingproblemsduringtheinvestiga-
tionofa 28-inchram-jetengineindicatedtheinfluenceofimproper
flowsimulationonengineoperationand,thus,theimportanceofexam-
iningtheflowconditionsat theexitofthesupersonicnozzlewhen
puttinga free-jetfacilityintooperation.Forexample,theinitial
enginedatadisclosedthattheenginerichblowoutlimitswereinwide
disagreementwiththoseobtainedduringdirect-connecttestingby the
manufacturerinhisfacility.Installationofa shadowgraphandl@h-
responseinstrumentationrevealedrandompressurepulsationsinthe
flow.Removalofthesepulsationsby placinga finesphericalscreen
atthebellmouthinletofthesupersonicnozzleincreasedtheengine
richblowoutfuel-airratioabout10percentandthepeakdiffuserpres-
surerecovery2 points.Theflowpulsationshadnodiscernibleeffect
onthesupercriticalmass-flowratioortheenginecombustionefficiency.

Positioninga jetdiffuserattheexitofthesupersonicnozzles
reducedthefacilitypressureratiorequiredforproperflowsimulation
by 8 to25percentastheMachnumberwasincreasedfrom2.35to 2.70.
Howev&,thejettiffusersizablydecreasedtheamountofsubcritical
operationthatcouldbe obtainedundersimulatedflowconditions.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,October8,1956
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